1. Introduction {#sec1-ijerph-15-01164}
===============

Renal diseases represent a serious worldwide problem and their study in experimental models constitutes an important tool to understand their pathogenesis and their natural evolution \[[@B1-ijerph-15-01164]\]. It is nowadays accepted that the majority of glomerulonephritis occurring in humans has an immunologic origin \[[@B2-ijerph-15-01164]\]. This hypothesis is supported by the presence of deposits of immune complexes with complement protein in renal biopsies and by the presence of inflammatory cells and electron-dense immune deposits \[[@B3-ijerph-15-01164]\]. In addition, clinical and laboratory findings have demonstrated the presence of immune alterations and the efficacy of immunosuppressive treatments \[[@B4-ijerph-15-01164]\]. Although these observations could be incidental, studies in experimental animal models of glomerulonephritis that simulate glomerulonephritis in humans have proven the role played by the immunologic processes in the pathogenesis of the illness \[[@B5-ijerph-15-01164]\]. The first experimental model was created by Dixon \[[@B6-ijerph-15-01164]\]. Most of the active models of the illness use sharp and chronic serum and have been carried out by repeating injection of protein substances that act as immunogens eliciting antibody formation. During the active phase of elimination of the circulating antigen, there is formation of antigen--antibody complexes that are deposited on the walls of arterioles and capillaries \[[@B7-ijerph-15-01164]\]. The sequential administration of antigens (cationic or anionic macromolecules and specific antibodies) in these models \[[@B7-ijerph-15-01164],[@B8-ijerph-15-01164]\] shows a pattern of membrane damage with the presence of immune complexes located in the sub-epithelium \[[@B8-ijerph-15-01164]\]. Besides, factors other than the deposit of the immune complexes exist, which contribute to progressive renal deterioration leading to the renal terminal phase of the illness in patients. Among these, systemic hypertension (SH) plays an important role \[[@B9-ijerph-15-01164]\].

SH is a multifactorial pathology influenced to a large extent by environmental factors. Together with genetic predisposition, it will cause short- and long-term disorders in organs and systems that result in a decrease in the survival rate of patients \[[@B10-ijerph-15-01164]\]. Due to the important role of the kidney in the long-term control of SH, the development of various degrees of arterial SH is one of the most frequent manifestations of chronic renal failure in patients \[[@B11-ijerph-15-01164]\]. Kidney artery involvement in SH involves loss of renal mass which aggravates the underlying hypertension \[[@B12-ijerph-15-01164]\].

The immune complex-mediated glomerulonephritis (ICGN) and SH can be related by two mechanisms: (a) SH may lead to renal progression damage in a previously established glomerulopathy, and/or (b) SH may determine the deposition of immune complexes in the kidney \[[@B2-ijerph-15-01164],[@B13-ijerph-15-01164]\].

The relationship between ICGN and SH has not been fully established and therefore, the goal of this investigation was to demonstrate the relationship between ICGN and SH by the analysis of vascular reactivity in rat renal artery rings.

2. Material and Methods {#sec2-ijerph-15-01164}
=======================

2.1. Animal Treatment {#sec2dot1-ijerph-15-01164}
---------------------

Experiments in animals were approved by the Laboratory Animal Care Committee of our institution and conducted in compliance with the Guide for the Care and Use of Laboratory Animals. Rats were maintained under a 12-h dark--light cycle and controlled temperature of 22 ± 2 °C. Water and rodent commercial food (23% of crude protein, 4.5% of crude fat, 8% of ashes, and 2.5% of added minerals) were given to the animals ad libitum. 48 male Wistar rats (300--350 g) were divided in 4 groups (*n* = 12 each): (a) control group (c) which received no injections, (b) rats that received bovine serum albumin (BSA), (c) rats that received 200 mg/L of NAME (nitro arginine-L-methyl ester) in drinking water and (d) rats with BSA and 200 mg/L of NAME. BSA and BSA + NAME groups were subcutaneously pre-immunized by injections at the tail's base of 1 mg of n-BSA in complete Freund's adjuvant containing 5 mg/mL H37RA *Mycobacterium tuberculosis* (Difco Laboratories, Detroit, MI, USA). After a 10 day time period, groups (b) and (d) received an IV injection of 1 mg/mL of BSA in saline every day for 35 days.

2.2. Systolic Blood Pressure {#sec2dot2-ijerph-15-01164}
----------------------------

At the end of the treatment, blood pressure (BP) was measured by a tail-cuff attached to a pneumatic pulse transducer method (Narco Bio-Systems Inc., Houston, TX, USA), in accordance with the method described by Pérez-Torres \[[@B14-ijerph-15-01164]\].

2.3. Proteinuria and Glomerular Filtration {#sec2dot3-ijerph-15-01164}
------------------------------------------

At the end of the treatment and before sacrifice, the animals were placed in metabolic cages (Nalgene); urine was filtered and collected for 24 h. Albuminuria was measured using bromocresol green reagent. This technique is specific for the quantification of albumin in urine \[[@B15-ijerph-15-01164]\]. Serum and urine creatinine (SCr and UCr, respectively) were measured by the Jaffe method \[[@B16-ijerph-15-01164]\]. Creatinine clearance (CrCl) was calculated according to the following formula: \[UCr\]/\[SCr\] × urinary volume/time. At the end of the treatments, animals were decapitated and blood was collected. Blood samples were centrifuged at 850 *g* for 20 min at 4 °C and serum was recovered. Serum was used for the measurement of SCr.

2.4. Histological Preparation {#sec2dot4-ijerph-15-01164}
-----------------------------

The right kidney and a section of renal aorta were washed in 0.9% NaCl for 30 s immediately before the tissues were fixed by immersion in phosphate buffer with 10% formalin (pH 7.4) for 24 h. The histological sections of the kidney were processed according to conventional histological procedures by hematoxilin--eosin stain. An average of 30 glomeruli per level of section in each sample was examined. The presence of immune deposits was evaluated by direct immunofluorescence. Frozen renal tissue was stained with -bound monoclonal antibodies against rat IgG-FICT (Caltag). 30 glomeruli were examined per case. Fluorescence intensity was evaluated in a semi-quantitative form in a scale of 0 to 3+ (0, negative, 1+, weak, 2+, moderate, and 3+, strong). In addition, renal aorta sections were processed with Weigert's method for elastic fibers \[[@B17-ijerph-15-01164]\], and immune histochemistry with eNOS and iNOS antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a final dilution of 1:2000. Histological sections were analyzed using a Carl Zeiss light microscope (Carl Zeiss, West Germany, Germany) (63,300 model) equipped with a Tucsen (9 megapixels) digital camera with software TSview 7.1 (Tucsen Imaging Technology Co., Ltd. Chuo, Japan, at a 40× magnification. The photomicrographs were analyzed by densitometry using Sigma Scan Pro 5 Image Analysis software Systat Software Inc. San Jose, California, CA, USA. The density values are expressed as pixel units.

2.5. Vascular Reactivity {#sec2dot5-ijerph-15-01164}
------------------------

After decapitation, the renal aorta was dissected and sectioned in rings of 2 mm that were suspended by metallic hooks in 5 mL glass chambers for isolated organs. One of the hooks was attached to the bottom of the chamber and the other to a tension transducer and a model 79D Grass polygraph with a recorder. The chamber contained Krebs solution (118 NaCl, 1.2 KH~2~PO~4~, 24 NaHCO~3~, 4.7 KCl, 1.2 MgSO~4~ (7 H~2~O), 2.5 CaCl~2~ (2H~2~O) 4.5 glucose, mM), pH 7.4, which was constantly bubbled in a gas mixture of 95% O~2~ and 5% CO~2~ and kept at a constant temperature of 37 °C. A basal tension of 2 g was applied to the rings. The aortic preparations were allowed to stabilize in the Krebs solution for one hour with two solution changes every 30 min. Dose-response curves to acetylcholine (Ach) were obtained; the ring's contraction was induced initially with 2 × 10^−7^ M NE (norepinephrine) and then 2 × Ach was added in concentrations from 2 × 10^−9^ to 10^−5^ M accumulatively. This method has been previously described by Pérez-Torres \[[@B18-ijerph-15-01164]\]. For the contraction curves NE was added at increasing concentrations; 2 × 10^−9^ to 2 × 10^−5^ M; when the maximal contraction response curve was reached for each concentration, the next concentration was added. After obtaining each series of contraction or relaxation curves, the aortic rings were washed three times with Krebs solution and allowed to recuperate for 30 min \[[@B18-ijerph-15-01164]\].

2.6. L-NAME {#sec2dot6-ijerph-15-01164}
-----------

The renal aorta preparations were incubated with the NO synthase inhibitor L-NAME (300 µM) (Sigma-Aldrich., Co. St Louis, Missouri, MO, USA) for 10 min, then 2 × 10^−7^ M NE (Sigma-Aldrich., Co. St Louis, Missouri, MO, USA) was added and the maximal contraction was registered. The information was added.

2.7. Statistical Analysis {#sec2dot7-ijerph-15-01164}
-------------------------

Statistical analysis and the figures were obtained with the Sigma Plot version 12.3 software (SigmaPlot, Jandel Corporation, San José, CA, USA). The data are presented as mean ± standard error. Statistical significance was determined by Student's *t*-test; differences were considered statistically significant when *p* ≤ 0.05.

3. Results {#sec3-ijerph-15-01164}
==========

3.1. Blood Pressure {#sec3dot1-ijerph-15-01164}
-------------------

[Table 1](#ijerph-15-01164-t001){ref-type="table"} shows a significant decrease in the BP in the C group (97 ± 2 mmHg, *p* = 0.001) in comparison to BSA and NAME groups (126 ± 2 mmHg, 147 ± 1 mmHg, respectively). The BSA + NAME group was significantly higher (173 ± 5 mmHg) than the BSA and NAME groups (*p* = 0.001).

3.2. Proteinuria and Glomerular Filtration {#sec3dot2-ijerph-15-01164}
------------------------------------------

[Table 1](#ijerph-15-01164-t001){ref-type="table"} shows the proteinuria level patterns during the experimental time in the four groups of rats. The BSA and the NAME groups showed a statistically significant difference in the level of protein excretion during the time of evolution (50.9 ± 10 mg/24 h and 162.3 ± 31 mg/24 h, *p* = 0.05 and *p* = 0.001, respectively) in comparison with C (29.8 ± 3 mg/24 h). In the BSA + NAME group, the proteinuria was significantly increased to 178.6 ± 23 mg/24 h (*p* = 0.001) in comparison with BSA group. Likewise, [Table 1](#ijerph-15-01164-t001){ref-type="table"} shows that the SCr level of the BSA and NAME groups were significantly increased (0.95 ± 0.10 µg/dL and 1.18 ± 0.12 µg/dL, respectively) in comparison to the C group (0.68 ± 0.05 µg/dL, *p* = 0.001). In the BSA + NAME group, this increase was greater than in the BSA group (1.35 ± 0.09 µg/dL). Besides, [Table 1](#ijerph-15-01164-t001){ref-type="table"} shows that UCr levels were increased in the BSA and NAME groups (0.52 ± 0.19 mg/dL and 0.76 ± 0.06 mg/dL, respectively) when compared to the C group (1.06 ± 0.08 mg/dL, *p* = 0.01). The BSA + NAME group (0.67 ± 0.36 mg/dL) did not show a significant difference with the BSA group. Moreover, [Table 1](#ijerph-15-01164-t001){ref-type="table"} shows the CrCl was significantly diminished in the BSA and NAME groups (0.0073 ± 0.0006 mL/min and 0.0066 ± 0.0004 mL/min, *p* = 0.01 and *p* = 0.001, respectively) in comparison with the C group. The BSA + NAME group showed a statistically significant decrease in the CrCl when compared to the BSA group (0.0051 ± 0.0004 mL/min, *p* = 0.05).

3.3. Vascular Reactivity {#sec3dot3-ijerph-15-01164}
------------------------

### 3.3.1. Vasoconstriction {#sec3dot3dot1-ijerph-15-01164}

[Figure 1](#ijerph-15-01164-f001){ref-type="fig"}A shows the NE-induced vasoconstriction responses of the BSA and NAME aortic rings. Vasoconstriction was higher in both groups in comparison with that of C rings (*p* = 0.01). The vasoconstriction in the BSA + NAME rat aortic rings showed a significant increase in comparison with BSA and NAME groups (*p* = 0.001).

### 3.3.2. Vasodilatation {#sec3dot3dot2-ijerph-15-01164}

[Figure 1](#ijerph-15-01164-f001){ref-type="fig"}B shows the Ach-induced vasodilation responses in endothelium-intact aortic rings in the four groups of rats. Cumulative concentration-response curves to Ach (2 × 10^−9^ to 2 × 10^−5^ M) were generated in rings contracted with NE (2 × 10^−7^ M). Relaxation to Ach (2 × 10^−9^ to 2 × 10^−5^ M doses) was significantly decreased in aortic rings from BSA- and NAME-treated rats (*p* = 0.01 and *p* = 0.001, respectively) in comparison to C rings. The vasodilatation observed in the BSA + NAME rat aortic rings showed a significant decrease in comparison with the BSA group (*p* = 0.001).

### 3.3.3. Effect of L-NAME {#sec3dot3dot3-ijerph-15-01164}

Aortic rings in the presence of 300 µM L-NAME (a competitive antagonist of the endothelial nitric oxide synthase (eNOS) ([Figure 2](#ijerph-15-01164-f002){ref-type="fig"})) showed a significant increase in the vasoconstrictor response to NE (2 × 10^−7^ M) in aortic rings of the C group in comparison to rings contracted without the presence of the antagonist (*p* = 0.001). In the BSA, NAME and BSA + NAME groups, the increase in the vasoconstriction response to the presence of the antagonist was not observed.

### 3.3.4. Histological Characteristics (Elastic Fibers) in Renal Artery {#sec3dot3dot4-ijerph-15-01164}

[Figure 3](#ijerph-15-01164-f003){ref-type="fig"}a shows a representative photomicrograph of the aortic medial layer stained with Weigert's method. In the renal aortas from the C group, elastic fibers were preserved without rupture and alternated with nuclei of the vascular smooth muscle cells. [Figure 3](#ijerph-15-01164-f003){ref-type="fig"}b,c shows increases in collagen between the thickened elastic fibers and the presence of fiber breakage in some areas in response to BSA and NAME treatments. [Figure 3](#ijerph-15-01164-f003){ref-type="fig"}d corresponds to renal aortas from the BSA + NAME-treated group, and in it, bundles of elastic rolling fibers thickened and fragmented in black color that alternate with collagen fibers are present. The photometric density analysis of areas shows a decrease in elastic fibers in aortas from the BSA-, NAME- and BSA + NAME-treated groups in comparison to the C group (*p* = 0.03 and *p* = 0.04, respectively, [Figure 4](#ijerph-15-01164-f004){ref-type="fig"}).

[Figure 5](#ijerph-15-01164-f005){ref-type="fig"}a--d shows representative photomicrographs of the renal aorta segment in the C, BSA, NAME and BSA + NAME groups, respectively, marked with an eNOS antibody. The endothelium stained in brown corresponds to the intima area in which eNOS is located. In the C group, an intact endothelium without rupture is observed, however, in the renal aortas from BSA-, NAME- and BSA + NAME-treated groups, ruptured and scarce endothelium is observed. The photometric density analysis shows a significantly decreased area of eNOS in the three treated groups in comparison to the C group (*p* = 0.03, [Figure 6](#ijerph-15-01164-f006){ref-type="fig"}).

[Figure 7](#ijerph-15-01164-f007){ref-type="fig"}a--d shows representative photomicrographs of the renal aorta segment in C, BSA, NAME and BSA + NAME groups, respectively, marked with iNOS antibody. In C group, the labeling of the iNOS is scarce. However, in the BSA, NAME and BSA + NAME groups, the labeling on the endothelium is intense when compared to that in the C group. The photometric density analysis showed a significantly increased iNOS area in BSA, NAME and BSA + NAME groups in comparison to C group (*p* = 0.04 and *p* = 0.02, respectively, [Figure 8](#ijerph-15-01164-f008){ref-type="fig"}).

### 3.3.5. Histological Features in Kidney {#sec3dot3dot5-ijerph-15-01164}

Direct immunofluorescence against rat IgG was negative for the presence of immune-complex rats in the C and NAME groups ([Figure 9](#ijerph-15-01164-f009){ref-type="fig"}a,c, respectively). However, in the BSA and BSA + NAME groups, direct immunofluorescence showed IgG-positive immune-complex deposition ([Figure 9](#ijerph-15-01164-f009){ref-type="fig"}b,d, respectively).

[Figure 10](#ijerph-15-01164-f010){ref-type="fig"} shows representative photomicrographs of the renal aorta segment in C, BSA, NAME and BSA + NAME groups. The C group did not show histological abnormalities in the kidney. In the NAME group, hypercellularity was present, as was slight expansion of the mesangium. However, histological abnormalities were present in BSA and BSA + NAME groups, characterized by interstitial fibrosis, sclerosis, retraction of the glomerular tuft that seemed collapsed, and expansion of the mesangium.

4. Discussion {#sec4-ijerph-15-01164}
=============

Due to the function of the kidney in the long-term control of BP, one of the most frequent manifestations of the alteration of the renal regulatory mechanisms is the development of various degrees of SH \[[@B19-ijerph-15-01164]\]. In patients with SH, frequent changes in perfusion pressure of the kidney under conditions of maximum stress can aggravate hemodynamic alterations, thus favoring the development of renal failure \[[@B20-ijerph-15-01164]\]. Besides, SH alters intrarenal hemodynamics, modifying the intraglomerular pressure-regulating mechanisms, and allows for the progression of glomerulonephritis \[[@B21-ijerph-15-01164]\]. This, in turn, can lead to SH with elevation of the glomerular capillary pressure, which may be associated with increased renal blood flow and hyperperfusion of glomeruli \[[@B22-ijerph-15-01164]\]. These conditions lead to glomerular collapse, wrinkling and obsolescent glomeruli, which lead to increasing proteinuria and failure in creatinine clearance \[[@B23-ijerph-15-01164],[@B24-ijerph-15-01164]\]. The lack of eNOS in the glomerular endothelium aggravates this condition in human and experimental glomerulonephritis \[[@B25-ijerph-15-01164]\]. However, few studies have addressed the association between glomerulonephritis, SH and the deterioration of the renal vascular function. Therefore, the aim of the present study was to demonstrate the association between ICGN and the SH induced by the administration of L-NAME, and the analysis of renal vascular reactivity. The endothelium is a key factor in vascular reactivity \[[@B26-ijerph-15-01164]\]. Our results show that the BSA- and NAME-treated groups exhibit a certain degree of renal endothelial dysfunction because the vasoconstriction and vasodilatation were increased and decreased, respectively. However, with the combination of both treatments, represented by treatment with both BSA and NAME, the damage is more serious, suggesting that the ICGN can be associated with SH induced by L-NAME, and caused by altered renal endothelial function.

5. Endothelium {#sec5-ijerph-15-01164}
==============

The endothelium is a monolayer of cells that covers the entire arterial tree. It is highly selective and provides a nonthrombogenic surface, actively acting as a sensor of the physical and metabolic state of the cardiovascular system, and controlling the vascular tone and the inflammatory response \[[@B27-ijerph-15-01164]\]. For the control of vascular tone, the endothelium synthesizes different vasodilator substances such as nitric oxide (NO) \[[@B28-ijerph-15-01164]\], which is the product of the nitric oxide synthases (NOSs). eNOS is constitutively expressed in the kidney by the normal glomerular endothelium and interstitial vessels. Since the amount of NO generated is small (in nmol quantities), its effect is beneficial for vascular reactivity \[[@B29-ijerph-15-01164]\], and contributes to the regulation of the glomerular microcirculation by modifying the resistance of the afferent arteriole. Thus, it helps to improve CrCl and mesangial cells, and at the same time, it maintains the antithrombogenic properties of the endothelium \[[@B30-ijerph-15-01164]\]. However, when the iNOS pathway is activated, it leads to high NO concentrations (µM or mM amounts), and at these concentrations, NO can be cytotoxic \[[@B26-ijerph-15-01164]\]. High NO amounts react with reactive oxygen species, generating peroxynitrite anion formation, protein tyrosine nitration and hydroxyl radical production. This leads to the loss of structural and functional proteins of the intrinsic renal and mesangial cells, favoring inflammation \[[@B31-ijerph-15-01164]\].

6. Endothelial and Inducible Nitric Oxide Synthases {#sec6-ijerph-15-01164}
===================================================

Furthermore, the results show that the downregulated expression of eNOS and the increase in iNOS expression in the endothelium of the BSA-, NAME- and BSA + NAME-treated groups can favor NO bioavailability, and increased and decreased vasoconstriction and vasodilatation, respectively, which may result in destruction and structural changes of elastic fibers, altering the functions of endothelial cells \[[@B32-ijerph-15-01164]\]. Therefore, the endothelial dysfunction observed in this study could be modulated by NO synthesized by iNOS without involvement of the eNOS pathway. The NO increase may have a modulatory effect on the degree of subendothelial matrix integrity, thus contributing to the reduced distensibility of the vessel and altered renal function. In addition, lack of eNOS can induce a loss in the glomerular capacity and in the peritubular capillary endothelium, and exacerbate renal injury in progressive renal disease \[[@B32-ijerph-15-01164]\]. eNOS knockout mice develop focal congenital renal abnormalities, including glomerular hypoplasia and tubular cell death, and atubular glomeruli \[[@B33-ijerph-15-01164],[@B34-ijerph-15-01164]\]. Another study in human glomerulonephritis showed that increased activity of iNOS was associated with inflammatory cytokines such as TNF-α, and this contributed to renal dysfunction \[[@B34-ijerph-15-01164]\]. Also, high levels of NO produced by the iNOS pathway in the kidney can favor several forms of glomerulonephritis \[[@B35-ijerph-15-01164]\]. In addition, low eNOS expression can lead to SH. Our results show that BP was elevated in BSA- and NAME-treated rats, while in the BSA + NAME-treated group, it was greater than in the last two groups. These results, together with the others, suggest a synergistic effect between the SH caused by the chronic consumption of the NAME and ICGN, which elevated BP in the renal artery and the glomerular capillary pressure. Therefore, a positive feedback system is established between ICGN and SH. Likewise, the L-NAME-induced SH is aggravated in the presence of the ICGN by the participation of the kidney in BP control. This may be associated with alterations of the renal blood flow and hyperperfusion of glomeruli that lead to progressive glomerular damage, which is evidenced by the gradual increase and decrease of proteinuria and CrCl, respectively \[[@B36-ijerph-15-01164]\]. In addition, the results of pre-incubation of the renal aortic rings with NAME, together with histological changes, suggest that the NOS pathways are altered, as is the degree of participation in the renal aorta. Furthermore, the effect on the arteries and renal damage in SH induced by L-NAME implies a loss of the renal mass, which worsens the underlying hypertension \[[@B37-ijerph-15-01164]\]. This peculiar role of the renal vascular system to potentiate the vicious circle of hypertension is explained by arterial structural or functional narrowing, since it stimulates the renin--angiotensin system, diminishing the renal excretory capacity \[[@B38-ijerph-15-01164]\]. Chronic elevation of BP may produce endothelial injury.

Furthermore, the endothelium is constantly exposed to several stimuli, among which oxidized lipoproteins, friction forces, inflammatory agents, cytokines and free radicals can be highlighted. The repeated stimulation of the endothelium by these factors can lead to endothelial dysfunction in the renal aorta \[[@B31-ijerph-15-01164]\], and this can produce structural and functional changes in the smooth muscle cells and elastic fibers of the renal microcirculation \[[@B28-ijerph-15-01164]\].

7. Elastic Fibers in Renal Aorta {#sec7-ijerph-15-01164}
================================

Elastic fibers are the dominant proteins in the arterial extracellular matrix. The elastic fibers, collagen and smooth muscle cells are oriented in a concentric fashion in the aortic medial layer, determining the elastic and dynamic mechanical features of the renal aorta \[[@B39-ijerph-15-01164]\]. Our results show that the number of elastic fibers in the aortic medial layer was lower and that the fibers were not continuous but undulating, showing rupture zones and fragmentation in BSA, NAME and BSA + NAME groups. These results may be associated with the lack of relaxation, high vasoconstriction and disorganization that is shown in microphotographs of the aortic renal artery. It has also been described that hypertensive glomerulosclerosis can occur with excessive vasoconstriction with eventual anatomical narrowing of the preglomerular vasculature, leading to glomerular ischemia \[[@B40-ijerph-15-01164]\]. Furthermore, the changes in the renal aorta could result from a decrease in the renal function and the consequent increased BP.

8. Hypertension and Glomerulonephritis {#sec8-ijerph-15-01164}
======================================

On the other hand, our direct immunofluorescence results showed IgG-positive immune-complex deposition in BSA and BSA + NAME, and histological abnormalities, in all groups except the C group. This suggests that ICGN happens after the in-situ formation of immune complexes in the glomerular basal membrane. It also appears less frequently after deposition of immune complex in the internal sheet, as has been previously described \[[@B4-ijerph-15-01164],[@B41-ijerph-15-01164]\]. In addition, selectivity for particle size is provided by the dense sheet of the glomerular basement membrane, which contains small pores that restrict the filtration of macromolecules \[[@B29-ijerph-15-01164]\]. Therefore, the molecular characteristics of the antigen and the antibody, or of the immune complexes, are determining factors for the location of immune complexes in the glomerular wall \[[@B12-ijerph-15-01164]\]. In addition, the site of deposition or assembly of immune complexes determines the clinical or structural manifestations of the disease. The mesangial cells also participate in the clearance of glomerular immune complexes and other macromolecules \[[@B2-ijerph-15-01164]\]. An increase in the expansion of mesangial cells can be the reason why, when mesangial function is impaired, deposits derived from immune complexes persist, and our results show an increase in expansion of the mesangium in the BSA, NAME and BSA + NAME groups. Mesangial immune deposits reflect mesangial dysfunction and contribute to increased permeability of the glomerular capillary \[[@B4-ijerph-15-01164],[@B8-ijerph-15-01164]\]. This can be associated with SH, which by itself can enhance permeability. Permeability changes finally result in proteinuria \[[@B5-ijerph-15-01164]\]. Our results show that proteinuria and CrCl were increased in all groups when compared to those in the C group. In addition, proteinuria is a common feature of declining glomerular filtration rate in patients \[[@B40-ijerph-15-01164]\]. SH aggravates nephritic manifestations in spontaneously hypertensive rats with Heymann nephritis, it produces endothelial injury and it enhances the glomerular permeability, finally resulting in proteinuria \[[@B41-ijerph-15-01164]\].

9. Conclusions {#sec9-ijerph-15-01164}
==============

In conclusion, the results suggest that SH induced by L-NAME contributes to the development of progressive renal disease in ICGN. Furthermore, a positive feedback loop between ICGN and hypertension might be established, and the hypertension could be aggravated by the presence of ICGN. Alterations of the vascular reactivity are mediated by the endothelium in the renal aorta. Thus, the endothelium plays a determinant role in the production of vasoactive substances such as NO during this process.
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![(**a**) Shows the vascular reactivity in aortic renal level response to 2 × 10^−7^ NE; (**b**) shows the aortic renal level response to 2 × 10^−7^ Ach. Data are means ± SE, *n* = 12 in each group. Significantly different from \* C vs. BSA *p* = 0.05, \*\* C vs. NAME and BSA vs. BSA + NAME *p* = 0.01, \*\*\* C vs. BSA and NAME *p* = 0.001. NE: norepinephrine. Ach: acetylcholine, log M: logarithm of Molarity.](ijerph-15-01164-g001){#ijerph-15-01164-f001}

![Maximum vascular response to NE in renal aortic rings in the presence of 300 µM L-NAME. Data are means ± SE, *n* = 12 in each group. Significantly different from C with NAME vs. C without NAME.](ijerph-15-01164-g002){#ijerph-15-01164-f002}

![Representative photomicrograph of the aortic medial layer stained with Weigert's method. (**a**) = Control; (**b**) = BSA; (**c**) = NAME; and (**d**) = BSA + NAME. Abbreviations: E = endothelium and EF = elastic fibers.](ijerph-15-01164-g003){#ijerph-15-01164-f003}

![Photometric density analysis from marked area by Weigert's method, the elastic fibers highlighted in black, in the four experimental groups. Data are means ± SE, *n* = 12 in each group.](ijerph-15-01164-g004){#ijerph-15-01164-f004}

![Representative photomicrograph of the aortic medial layer marked with eNOS antibody. (**a**) = Control; (**b**) = BSA; (**c**) = NAME; and (**d**) = BSA + NAME. Abbreviations: E = endothelium, CT = connective tissue and CN = cell nucleus.](ijerph-15-01164-g005){#ijerph-15-01164-f005}

![Photometric density analysis from marked area by eNOS antibody in the four experimental groups. Data are means ± SE, *n* = 12 in each group.](ijerph-15-01164-g006){#ijerph-15-01164-f006}

![Representative photomicrograph of the aortic medial layer marked with iNOS antibody. (**a**) = Control; (**b**) = BSA; (**c**) = NAME; and (**d**) = BSA + NAME. Abbreviations: E = endothelium, CT = connective tissue and CN = cell nucleus.](ijerph-15-01164-g007){#ijerph-15-01164-f007}

![Photometric density analysis from marked area by iNOS antibody in the four experimental groups. Data are means ± SE, *n* = 12 in each group.](ijerph-15-01164-g008){#ijerph-15-01164-f008}

![Representative direct immunofluorescence for IgG in glomeruli of the experimental groups to 40×, where in (**a**), which represents group C, some capillary loops with a weak signal can be observed; (**b**), which represents group BSA, all capillary loops and the mesangial zone show a strong signal; (**c**), which represents group NAME, the intensity in the capillary loops is slightly stronger than in group C; and (**d**), which represents group BSA + NAME, the capillary loops are thickened by immune-complex deposits and the observed signal is very strong in them and in the mesangial zone; capillary lumen of the capillary is diminished or almost absent.](ijerph-15-01164-g009){#ijerph-15-01164-f009}

![Representative light microscopy in glomeruli of the experimental groups to 40× stain, with hematoxylin and eosin: H-E histological abnormalities present in BSA and BSA + NAME groups, characterized by interstitial fibrosis, sclerosis, retraction of the glomerular tuft that seemed collapsed, and expansion of the mesangium. In the NAME group, hypercellularity was present, with slight expansion of the mesangium.](ijerph-15-01164-g010){#ijerph-15-01164-f010}

ijerph-15-01164-t001_Table 1

###### 

General characteristics and glomerular filtration index.

  -----------------------------------------------------------------------------------------------------------
  Variables           C                 BSA                  NAME                     BSA + NAME
  ------------------- ----------------- -------------------- ------------------------ -----------------------
  BP\                 97.32 ± 2.91      126.90 ± 2.24 \*\*   147.07 ± 1.07 \*\*\*     173.41 ± 5.36 \*\*\*
  (mmHg)                                                                              

  Proteinuria\        29.89 ± 3.71      50.98 ± 10.06 \*     162.66 ± 31.32 \*\*\*    178.64 ± 23.90 \*\*\*
  (mg protein/24 h)                                                                   

  SCr\                0.68 ± 0.05       0.95 ± 0.10 \*\*     1.18 ± 0.12 \*\*         1.35 ± 0.09 \*\*
  (µg/dL)                                                                             

  UCr\                1.06 ± 0.08       0.52 ± 0.19 \*       0.76 ± 0.06 \*           0.67 ± 0.36
  (mg/dL)                                                                             

  CrCl\               0.0114 ± 0.0015   0.0073 ± 0.0006 \*   0.0066 ± 0.0006 \*\*\*   0.0051 ± 0.0004 \*\*
  (mL/min)                                                                            
  -----------------------------------------------------------------------------------------------------------

Notes: BP = blood pressure; SCr = serum creatinine; UCr = urine creatinine; CrCl = creatinine clearance. Data are means ± SE, *n* = 12 each group. \* BSA vs. BSA + NAME *p* = 0.05, \*\* BSA vs. C and BSA + NAME, and C vs. BSA *p* = 0.03, \*\*\* C vs. NAME, and C vs. BSA, C and NAME *p* = 0.001. C: Control; BSA: bovine serum albumin; NAME: an analog of arginine that inhibits NO production.

[^1]: Israel Pérez-Torres and Bernardo Moguel-González share the first authorship of this paper.
